This article presents a literature review of published methods for damage identification and prediction in mechanical structures. It discusses ways which can identify and predict structural damage from dynamic response parameters such as natural frequencies, mode shapes, and vibration amplitudes. There are many structural applications in which dynamic loads are coupled with thermal loads. Hence, a review on those methods, which have discussed structural damage under coupled loads, is also presented. Structural health monitoring with other techniques such as elastic wave propagation, wavelet transform, modal parameter, and artificial intelligence are also discussed. The published research is critically analyzed and the role of dynamic response parameters in structural health monitoring is discussed. The conclusion highlights the research gaps and future research direction.
Introduction
Damage in mechanical structures is often investigated from conventional nondestructive testing techniques. These techniques measure local or global behavior of a structure. 1, 2 For example, ultrasonic and acoustic emissions measure the local behavior of a structure. However, the constraints, like the prior knowledge of local region of interest and the accessibility in mounting the sensing probe, develop complexities in their use. The latter can be avoided if a noncontact technique is available, such as X-rays, digital image correlation (DIC), and thermography. These noncontact techniques are comparatively difficult in their signals interpretation and more often complex in use due to their raw data post-processing. 3 Researchers measure global structural response for damage prediction and avoid the mentioned difficulties in local response measurement. Structural vibration is used most rigorously for global response analysis and measurements. 4 It can identify specific faults in the system and can also lead the repair of structures or components by diagnosing the root cause of damage. Published methods show that a vibration response can estimate structural or component damage long before their potential catastrophic failure. This early warning of emerging damage helps in scheduling reliable preventive maintenance at any industry.
Structures demonstrate vibratory or oscillatory (i.e. dynamic) response if an external excitation (i.e. force) interacts with them. The characteristic of this response, such as displacement amplitude, mode shape and frequency, is dependent on the stiffness of a structure. The stiffness of a structure is a direct measurement of elastic properties of its material. 4 The elastic properties of a material are determined by its microstructure and hence even a very small disturbance or damage in microstructure can eventually affect dynamic response of a system.
The dynamic response of a structure is generally measured with respect to time. The stochastic nature of time domain signals makes damage identification challenging. 5 However, the conversion of these signals into the frequency domain caters these challenges and distinctly estimate the response parameters such as natural frequency, mode shape, and vibration amplitude.
In structures or machine components, fatigue failure is very common. It is initiated by a small defect which leads it to a catastrophic failure. The material defects, inclusion, impurities, and machine operation can always be vulnerable to crack initiation and hence fatigue mostly cannot be avoided. In metallic structures, the thermal loads can also alter the material properties such as young's modulus, tangent modulus, yield stress, and ultimate tensile strength, etc. Consequently, in the presence of increasing temperature, it can be inferred that the material might become soft near the vicinity of the crack tip, which can lead to increase the size of the plastic zone under the same mechanical loads. Therefore, it is very complicated to estimate the retardation or acceleration of fatigue crack propagation under thermo-mechanical loads.
In the last 30 years, researchers have used dynamic response parameters quite rigorously for damage prediction in mechanical structures. This article presents a literature review of published methods for damage identification and prediction in mechanical structures. It discusses methods, which can identify and predict structural damage from dynamic response parameters such as natural frequencies, mode shapes, and vibration amplitudes. There are many structural applications in which dynamic loads are coupled with thermal loads. Hence, a review on those methods which have discussed structural damage under combined loads is also presented. Additionally, other structural health monitoring techniques such as elastic wave propagation, wavelet transform, modal parameter and artificial intelligence are also discussed. The published research is critically analyzed, and the role of dynamic response parameters in structural health monitoring is discussed. The conclusion highlights the research gaps and future research direction.
Research based on dynamic response calculations

Damage quantification based on natural frequency
This section discusses how the researchers have used the natural frequency of a structure for damage quantification. The natural frequency of a structure can be measured easily at any location. Nandwana et al. 6, 7 used an inverse eigenvalue problem and detected size and location of a crack in a beam with multiple supports as shown in Figure 1 . In this figure, L 1 , L 2 , and L 3 are lengths of the three sections and b is the location of the crack. They modeled crack as a rotational spring with a stiffness K t and established a relation between stiffness, natural frequency, and crack location. Accuracy of this relation was found to be dependent on the size, depth, and location of crack. They also observed that the change in the natural frequency is insignificant if crack is located near to the support ends.
Khorshidi et al. 8 proposed a natural frequencybased method and diagnosed vertical or transverse crack in a beam. Same like previous, they modeled crack as a massless rotational spring. They developed a relation between natural frequency and crack depth by using Rayleigh quotient and a few governing equations which were solved by generalized quadrature method as shown in the following equations 
where K t is the stiffness of rotational spring, E is the modulus of elasticity, B is the width of a beam, H is the thickness, L is the length of a beam, and f() is a function depending on crack depth (t c ) and the location of crack (x). Free bending vibration of a uniform beam expressed by equation (2) , which is a well-known differential equation. The natural frequency of a cracked beam was evaluated by using equations (3) to Eq. (5). In these equations, u is the strain energy, M is the bending moment, and ! nc is the natural frequency of a cracked beam. A few other researchers used the same approach. [9] [10] [11] They analyzed the effects of open cracks on natural frequencies of a cantilever beam as shown in Figure 2 . In this figure, L is the length of a beam; L 1 and L 2 are locations of crack. They also measured the effect of crack position and its severity on natural frequency values from analytical functions. For single-sided and double-sided cracks, they used equations (6) and (7) 
where H is the half-height of a beam and a is the crack depth. The proposed method is observed to be more effective in the presence of two closed cracks. In case of separated cracks, additional response parameters, such as amplitude and damping were considered for better accuracy in results. A significant number of researchers used analytical, numerical, and experimental approaches simultaneously. They quantified crack in a beam and used natural frequency as an input. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] They observed the changes in the natural frequency if the crack propagates. Changes in natural frequency were found insignificant in case of smaller cracks and hence entailed modification in methods based on natural frequency.
Schlums and Dual
25 experimentally characterized the crack propagation and its effect on the natural frequency as expressed in equation (8) . They also accounted for a factor of nonlinearity in crack growth due to the crack closure phenomenon. They developed a model considering nonlinearity but for a crack located at the center of a structure
where a o is the depth of an initial notch, f(a o /b) is the resonant frequency before a crack is initiated from a starter notch, and f(a/b) is the frequency from the linear theory of completely reversed loading. Various other numerical methods were developed for damage quantification, but they were based on the variations of natural frequency. [26] [27] [28] They assessed crack location and crack size in different beam structures. Gounaris and Dimarogonas 29 developed a finite element model of a cracked prismatic beam. They developed a compliance matrix in the vicinity of a crack and used strain energy concentration as an input. They estimated stiffness with this matrix and used dynamic response values to characterize crack. Orhan 30 studied free and forced vibration of a cracked beam and calculated single and two-edge cracks numerically with finite element analysis (FEA). Thatoi et al. 31 and Ratnam et al. 32 developed an approach for multiple cracked cantilever beams and obtained the changes in natural frequency with experimental validation. These frequency-based approaches are ill-posed because cracks with different severity in two sets of different locations can produce identical changes at lower frequency modes.
A robust iterative algorithm was proposed for damage growth estimation in the beams by Xu et al. 33 The algorithm used perturbation and inverse methods and predicted damages from the values of lower order natural frequencies. To cover all possible crack locations on a structure, they used a combination of different scenarios. The changes in natural frequencies were also used to determine the position and size of transverse cracks in a rotatory machine with the help of a transfer matrix method and the famous Timoshenko beam theory. 34, 35 The proposed method used changes in natural frequencies for damage quantification. However, it was challenging to observe a distinct frequency change due to double resonance for the cracks with higher severity (a sawcut removing 60% of the cross-sectional area). The coupling of flexural and axial vibrations caused this double resonance behavior and distributed the stresses in a nonuniform manner. It also limited the application of frequency-based method to a range of crack depths.
Smith and McGowan 36 used a scaled truss model for locating a crack in structures. Their approach was also based on the frequency measurement. Cawley and Adams 37 and Cawley and Ray 38 estimated structural integrity from low-order natural frequencies measurements. They found that the values of a given crack depth and changes in the natural frequency have a direct relation with the width of the crack as shown in Figure 3 . The reliability of obtained results was limited to specific slot depths. Ruotolo and Surace 39 published a finite element method for crack size quantification. They used frequency of low order as a modal parameter and applied their method on beams as expressed in equations (9) and (10) . Multiple measurement points were used to obtain the desired data for simulations and hence the research was limited to heavy structures only.
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where e R is a vector representing a state of damage in structure, n indicates the number of elements that make up a structure, a i is the depth of notch, h is the beam height, and N is the number of natural frequencies, asterisk represents the cracked structure, superscript (c) is the calculated frequency, and superscript (m) is the measured frequency. The difference between modal curvatures of simulated and cracked structures was expressed by equation (10) . M is the degree of freedom of a structure and ; 00 Ã i,j is the jth degree of freedom of the ith modal curvature.
Lateral vibrations of a cracked Euler-Bernoulli beam were also studied for single-or double-edge cracks identification. [40] [41] [42] These studies were based on the vibration theory of continuous systems and further used for detection of faults. 43 However, for symmetrical systems, these procedures were unable to produce a unique solution, indicating that the fault may occur at either of the two locations.
Dentsoras and Dimarogonas 44 studied the fatigue crack growth in resonating members of a distributed mass as shown in Figure 4 . In this figure, ''a'' is the crack depth, W is the width, K is the stiffness, and L is the length of a beam. They established a relation between local flexibility and crack depth from natural frequency. But the relation was limited for only those cracks that were located near supports with substantial depths. Gudmundson 45, 46 presented a first-order perturbation method and predicted the change in natural frequency due to a crack in terms of strain energy of a structure as expressed in equation (11) . This change in the natural frequency was also used to devise a nondestructive evaluation procedure for identifying a crack based on a simple reduced stiffness model.
where ! crack is the natural frequency of a cracked beam, ! n is the undisturbed natural frequency, W 0 is the strain energy for the corrected displacement, W o is the total strain energy in the nth mode of vibration equal to the total kinetic energy, V is the volume, " ij is the undisturbed strain tensor, ij is the undisturbed stress tensor, and n is the mode number.
Many researchers assumed crack in a structure as a rotational massless spring. However, solution to this assumption required a significant amount of computation. [48] [49] [50] [51] [52] A transfer matrix approach was proposed by Khiem and Lien 48 as shown in Figure 5 . In this figure, a 1 to a n are depths of the cracks, k 1 to k n are stiffnesses and x 1 to x n are crack locations. This approach eliminated the numerical computation of the high-order determinant and hence addressed the challenge of computation in the calculation of natural frequencies. They concluded that the modeling of crack as a rotational spring (based on fracture mechanics) is not suitable at higher modes or for deep cracks. Therefore, these methods are only applicable to a slender beam-type structure with small cracks.
Krawczuk and Ostachowicz 49 analyzed the influence of one-edge open transverse cracks on natural frequencies of a cantilever beam subjected to vertical loads. They also proposed an algorithm, which can be used to calculate the linear and geometrical stiffness of a cracked element, but this algorithm is only applicable for deep cracks. Petrone et al. 53 presented their research for damage detection through structural intensity and vibration-based techniques. They investigated the difference in frequency response function for a healthy and damaged plate.
The response parameter of natural frequency can be measured with ease. Therefore, in the past three decades, many researchers have used this parameter to quantify damage but still the proposed methods have known limitations. One fundamental limitation is modeling of the crack. In the research mentioned above, cracks were more often modeled in EulerBernoulli beam systems and showed a tendency of overprediction in estimating the frequency value (especially in case of short beams at high vibration modes). The assumption of a physical crack in terms of massless rotational spring effects the estimation of natural frequencies at high modes and for deep cracks.
The physical measurement of change in the natural frequency can be very challenging especially in the presence of small-scale damages in structures with highly damped boundary conditions. The change of frequency would be buried in such structures without showing a measurable observation.
The nonunique output of frequency-based detection is also a problem in the damage estimation. Damage with different severities and at various locations can produce the same change in frequency value. This problem becomes more complicated in the presence of multiple cracks. This issue can be resolved by using the differences in high-order frequency, but available analytical solutions have shown limitations in high-order estimations.
Damage quantification based on natural frequency and mode shape Natural frequency-based damage identification is limited to simple structures, deep cracks, and specific crack locations. It requires testing in a control laboratory environment. Dynamic response in terms of a structural shape deformation is commonly known as mode shape and it can be used to cater this limitation. Mode shapes are highly sensitive to local damages and hence in the presence of multiple cracks, they can distinctly locate damage even from a global dynamic response.
In the past, researchers frequently used mode shapes to get damage locations. [54] [55] [56] They observed that the frequency alone cannot be sufficient to locate damage, as similar damage at different locations can produce a similar frequency change. Same estimations were also made on transverse-shaped cracks but distinct relations were developed to correlate crack depth with natural frequency and mode shape, respectively. [57] [58] [59] Two accelerometers were used. One at the fixed end and the other was moved to get mode shape and made it less useful for in situ measurements.
Numerical analyses were also used to investigate the effects of cracks on mode shapes of a beam as shown in Figure 6 . 60 Significant changes in mode shapes were observed with a change in the crack depth and its opening size. The mode shapes were obtained with limited sensors hence roughly estimated at higher modes.
Pandey et al. 61 developed a relation between changes in eigen parameters, damage location, and Figure 5 . Model of multiple cracked beams. 48 damage size. In their research, curvature mode shape was used for identifying and locating damage in a structure. They detected damage in a structure from absolute changes in the curvature mode shape. The measurement of these changes required many sensing points and hence limited their research. To avoid this problem, curvature mode shape can be used in conjunction with the natural frequency.
A general beam element with an open double-sided crack was analytically derived and used for modeling damage in complex structures. 62, 63 This model estimated changes in natural frequencies and mode shapes for a given depth of damage and its location using a complex stiffness matrix obtained from an intricate analytical computation. The same methodology was also used and model dynamic response parameters in the presence of a nonpropagating edge crack. 64 In this research, flexibility of a rotating beam developed a unique mode shape. The location of crack was approximated in transverse and slant directions at various depths.
Crack depth and location in a frame structure were also investigated by using natural frequencies and mode shapes. [65] [66] [67] [68] These researchers used multiple sensors and data points. Other researchers 69, 70 used response parameters and predict crack propagation in a rotatory machine from an axial vibration measurement on a uniform cross-sectional shaft. Changes were observed in measured vibration response with a shift in crack size and its location for a nonpropagating crack.
Shen and Pierre 71 suggested an approximate Galerkin solution for modeling free bending motion of beams in the presence of symmetric and open cracks. A series of functions were used to compare the possible mode shapes with their corresponding uncracked beams. For a general Galerkin solution, the conversion of the solution was very slow. Therefore, a secondary function was added to improve the conversion rate; this made the solution more complex. Moreover, the presented mode shapes were not affected by smaller cracks. Few more researchers adopted analytical approaches based on bending vibration theory of Euler-Bernoulli beams and predicted damage with multiple cracks. [72] [73] [74] The crack identification equation of a cracked beam was obtained explicitly by using a nontrivial solution of vibration mode shapes. This equation was further used to relate natural frequencies, locations, and depths of the crack. Accuracy of the proposed method is heavily dependent on the size of the structure and crack depth. For such cases, the dynamic response in terms of amplitude can be more accurate.
The incorporation of mode shape with natural frequency provides better results in damage prediction but it has few limitations. It requires many sensors on a structure to capture the actual change in the physical shapes. Mode shapes are more sensitive to noise as compared to natural frequency. Moreover, the amplitudes of the mode shapes are imaginary due to unknown structural damping and, therefore, a change in shape can only show evidence of damage in a structure.
Damage quantification based on natural frequency and vibration amplitude
This section presents research efforts for the damage detection from vibration amplitude and natural frequency measurements. Both of these parameters can be measured from a single probe and hence effective in use as compared to the mode shape.
Qian et al. 75 derived an element stiffness matrix of a cracked beam. They applied integration of stress intensity factors (SIFs) on beam finite elements and calculated the respective displacement responses as shown in Figure 7 . The amplitudes were derived from the known stress intensity factor.
Papadopoulos and Dimarogonas 76-78 investigated longitudinal and bending vibrations of a rotating shaft with an open transverse surface crack. Local flexibility in a short shaft cracked element was assumed to have six degrees of freedom. A coupling between longitudinal and bending vibration amplitude was found in the cracked shaft. This coupling behavior and value of sub-critical resonance recognized the crack in the rotating shaft. The proposed methodology showed accurate results for damage identification but quantified crack size inadequately. Later, a systematic framework was proposed to correlate crack location, crack size, changes in the natural frequency and amplitude of a cantilever beam. 79 The results showed a significant trend between the dynamic response parameters and the attributes of a crack. The trend was further evaluated from mode shape variation.
Boltezar et al. 80 and Jena et al. 81 worked out a crack identification procedure. They derived it for a free-free uniform beam under flexural load and used vibration amplitudes and mode shapes as key inputs. Two equal segments on the beam at each side of a crack were considered in calculations. This made the whole method limited and dependent on the location of the crack. Gasch 82 presented the behavior of a rotating shaft in the presence of a crack. He found a relation between shaft imbalance and damage severity. Mayes and Davies 83 described flexural vibration of a rotor mounted on several bearings with a transverse crack. They developed an analytical compliance function based on modules, crack location, and geometric parameters. They also calculated the change in few nonresonating frequencies to confirm the presence of a crack.
Research efforts on estimating the crack propagation with dynamic response parameters
Crack behavior in conjunction with its propagation is always a point of interest in many industrial applications. Agama et al. 84 presented a correlation between natural frequencies and crack initiation of a friction stir spot welding (FSSW) in four different welding processes. Similar crack propagation trends were reported when variation of natural frequency in tensile/shear spotwelded joints was observed as shown in Figure 8 . [85] [86] [87] [88] Considering limitations of natural frequency-based damage identification, the frequency reduction was inconsistent compared to the fatigue damage.
A concurrent structural prognosis was proposed for bridges. 89 The proposed method was based on a novel small timescale formulation of material crack growth as shown in Figure 9 . Oskouei and Dumanoglu 90 developed an analytical model of propagating crack and investigated the behavior of a concrete dam on different values of crack length. They estimated fatigue life in the presence of a non-propagating variable crack length.
Nwosu et al. 91 presented an analytical study on the vibration response of a tubular T-joint. They detected cracks along the intersections of the joints from the variations in the bending moments or the physical mode shapes. Rao and Eischen 92 performed failure analysis on a fractured frame rail of a heavy-duty truck. Metallographic examination revealed microcracks on the edges of an open hole located in an area of high-stress concentration causing fatigue crack initiation. The results showed a curvilinear crack growth under dynamic loads of the vehicle as shown in Figure 10 . Similar research on fatigue crack growth at normal, resonating, and particular frequencies was also reported and showed the effectiveness of dynamic response parameters. [93] [94] [95] [96] These studies were based on stress concentration, thus requiring additional consumable strain gauges at affected areas. Wang et al. 97 described the use of a fracture mechanics-based modeling approach to explain the experimental observations in solder joints subjected to high-speed cyclic bending. They modeled twodimensional crack fronts based on dynamic The vibration-based damage quantification is not limited to the simple structure, and it is equally applicable to more complex industrial structure such as rotors, wind turbine, and rotor shaft. [98] [99] [100] [101] [102] [103] [104] [105] The presented research emphasized fatigue life estimation. The correlation between the response parameter with changing crack depth could be added to proposed methodologies. Moreover, many researchers measured the stress concentration for fatigue life estimation, which requires installation of consumable strain gauges at affected areas. Thus, it can delay the essential preventive maintenance.
Structural health monitoring using other approaches
In this section, various structural health monitoring techniques are discussed. These methods are based on elastic wave propagation, wavelet transform, modal parameters and artificial intelligence, etc.
Krawczuk et al. 106 presented a method of wave propagation analysis in cracked plates. Elastic behavior of a plate at a crack location replaced with a line spring and observed this behavior along different values of crack length by varying spring stiffness. Zak et al. 107 and Kudela et al. 108 numerically and experimentally observed the propagation of guided elastic waves in thin-walled shell structures and successfully employed the damage maps via integral indices. Similar research was conducted by Kumar et al. 109 on a composite beam with a transverse crack. Surface-breaking cracks in metallic structures were investigated by Lee et al. 110 They used wave propagation theory and Lamb waves for damage detection in metallic structures. They proposed that the numerical simulations can significantly ease the monitoring strategy for damage detection with Lamb waves.
Composites are being used increasingly in aerospace structures. Despite having many advantages, composite structures are highly susceptible to hidden flaws that may occur at any time during operation. If these flaws are undetected, they may cause sudden or catastrophic failure of the entire structure. Therefore, focusing on different composite structures Memmolo et al. [111] [112] [113] [114] [115] [116] used guided ultrasonic waves for detection and localization of hidden flaws in composite structures. A composite structure was designed for real scale components. They investigated different wave features and showed their changes in the presence of hidden failures. In comparison with isotropic metallic structures, wave propagation in composite structures presents additional complexity for effective damage identification.
Ricci et al. [117] [118] [119] [120] analyzed composite structures for damage assessment with propagation characteristics of the waves using piezoelectric patches. The waves also carry quantitative information on the size of the delamination. Their research involved modeling, experiments, and data processing, which is needed to unravel this information from the recorded signals. Mal et al. [121] [122] [123] [124] proposed a different damage identification technique based on a combination of vibration and wave propagation data. In their research, they determined the location and degree of damage in structural components requiring minimal operator intervention.
Wavelet transform adopted by many researchers for damage quantification. Rucka 125 carried out damage identification on beam structure and used wavelet transform at high modes. His results were more accurate on high deflection shapes. Grabowska et al. 126 and Katunin et al. 127 worked on damage detection caused by delamination in composite using wavelet transform with optimized parameters. Despite delamination being the most complex type of damage, their method and findings were very effective for industrial applications. Radzienski et al. 128 presented a new method for damage detection based on experimentally obtained modal parameters. Their method was applicable for measuring fatigue damage in the aluminum beam with frequency as baseline modal parameter.
Other experimental optical approaches are DIC and thermography. Thermoelastic stress analysis (TSA) and electronic speckle pattern interferometry (ESPI) technology measure high spatially defined 3D displacements on structure in a wide frequency range. Zanarini et al. 129 presented ESPI-based procedure for fatigue assessment of mechanical components. They enhanced the description of the flexible behavior of components in a wide frequency range using a robust numerical differentiation approach and a constitutive model. Odeshi et al. 130 investigated failure of different aluminum alloys under tempering. Microstructure examination was performed. They also presented the corresponding fracture surface of these alloys with strain values and changing shear bands. Similar research on aluminum alloy was carried out by Farahani et al. 131 with numerical simulation and its experimental validation from DIC for damage quantification.
Infrared thermography is very effective means of detecting manufacturing defects or fatigue-induced degradation. It is a noncontact and nonintrusive structural health monitoring technique. Moela et al. [132] [133] [134] used infrared thermography with a twofold function to investigate different types of composite materials. First, to nondestructive evaluation of materials before and after impact to either assure the absence of manufacturing defects. Second is used to visualize thermal effects, which develop when the material is subjected to impact.
Belytschko et al. 135 presented an element-free Galerkin (EFG) method for static and dynamic fracture problems. The method used moving least-square (MLS) interpolants and only required nodal data. Different analytical techniques for structural health monitoring were presented by many other researchers. [136] [137] [138] [139] Considering the temperature, Farahani et al. 140 determined stress intensity factor of a compact tension specimen in a fatigue crack growth test from TSA. They used advanced discretization techniques in processing the results.
Structural health monitoring is critical in all industries having multiple electrical machines. This specific area has attracted many researchers to work on fault diagnosis to ensure the operational continuity. Recent developments in modern artificial intelligence (AI) have reduced the involvement of human experts. 141 Artificial neural networks (ANNs), fuzzy and adaptive fuzzy systems are useful AI techniques for fault diagnosis. Gowd et al. 142 and Hakim et al. 143 proposed their algorithms of crack detection based on fuzzy logic (FL) and artificial neural networks (ANN). The natural frequencies were used to locate crack and to find relative crack depth. Many other researchers have obtained useful results on damage quantification by comparing different AI techniques. [144] [145] [146] [147] [148] Moreover, they developed more effective and accurate methods for damage detection and reliability assessment by using analytically based artificial intelligence techniques.
The discussed noncontact techniques are beneficial for structural health monitoring of complex structure. These techniques overcome constraints such as fixture requirement and probe attachment on a structure.
Damage quantification under thermomechanical loadings
Mechanical properties of metallic structure are more often dependent on their operating temperature. Properties like Young's modulus, yield strength, or ultimate tensile strength can change easily with varying temperature. In case of fatigue, failure is initiated from birth of a small crack and lead to catastrophic failure. The rise in temperature can lead to increase the size of the plastic zone near the crack tip which can affect crack propagation. Size of the plastic zone near the crack tip depends not only on the level of repeated loads but also on the material properties. It is very difficult to repair fatigue damage immediately. However, estimation of fatigue crack growth can make the preventive maintenance much easier. Therefore, considering the fatigue failure is the most common failure in mechanical structure, it is very critical to investigate the effect of thermal loads.
There are many applications in which a structure undergoes combined dynamic and thermal loads such as aircraft wings, gas turbine blades, reciprocating pistons, etc. These components are more often exposed to extreme loads and raised significant challenges to ensure structural integrity. This significance propelled researchers in the past to investigate the potential of dynamic response parameters in damage quantification for structures working under thermomechanical loadings.
Cheng et al. 149 used a thermal-acoustic load for testing dynamic response and sonic fatigue using Monte Carlo theory. The selected working temperature range was from 22 C to 400 C. The damage was observed from the frequency and temperature plot as shown in Figure 11 .
Makhlouf and Jones 150 and Lin et al. 151 investigated the crack growth behavior of ferritic stainless steel. They considered intermediate growth rates as a function of test temperature, thermal exposure, and frequency. They concluded that the crack growth rate increases with the increase in temperature. Higher than normal growth rates were observed at 475 C and attributed to an embrittlement process, which was known to occur in this temperature regime in high-chromium ferritic stainless steels.
Bachschmid et al. 152 presented 3D nonlinear finite element analyses on a cracked shaft. These analyses were aimed to introduce the effect of thermal stresses with static and dynamic loads. Opening and closing mechanism of crack affected by thermal loading were reported in terms of stress distribution. Kulak and Hughes 153 examined the effect of dimensional tolerances, frequency, and temperature on bearing Figure 11 . The change in the modal frequency and acceleration response. 149 stiffness. They found out that the stiffness of the structure greatly dependent on temperature, while barely influenced by geometric variations. The effects of environmental conditions on modal behavior of a lab specimen, I-girder, concrete box-girder, and steel plate girder bridges were also presented by Zolghadri et al. 154 Vibration and temperature data were used to understand how the natural frequency of a bridge typically vary due to a change in the temperature as shown in Figure 12 .
Lu et al. 155 investigated the effect of thermal aging on fatigue crack growth (FCG). The crack surfaces and crack growth paths were analyzed as shown in Figure 13 . Tsay et al. 156 performed experiments on low carbon steel specimens under repeated thermal shock loads. The effect of loads was found as a significant contributor in the crack growth kinetics. Recently, relations between crack lengths, number of cycles, and temperature were also reported. [157] [158] [159] [160] These relations were extracted from the experimental data performed on aluminum alloys at different temperatures on various types of specimen as shown in Figure 14 .
Ma et al. 161, 162 proposed an analytical method (based on a transfer matrix) for modal analysis of a simply supported steel beam with multiple transverse open cracks under different temperatures. They modeled crack as a rotational spring and hence limited in damage quantification. Same approach was used by many other researchers [163] [164] [165] [166] and they used the change in the natural frequency as critical input in the damage identification.
An algorithm for structure health monitoring was presented by a few researchers. [167] [168] [169] [170] They developed an integrated monitoring system for durability and assessment of bridges and turbine rotor at elevated temperatures. Their practice was mainly based on the response of different sensors and visual inspections using enhanced realistic deterioration models.
Comparative study
In the above review, several methods and techniques are presented. These can detect damage in metallic and nonmetallic structures. A comparative study among different damage detection techniques is comprised in Table 1 . In a low or free noise area, dynamic response measurements such as frequency, mode shape, and amplitude can effectively determine the damage and more likely its quantity and location. These methods need fewer complex data and operator training. However, the mode shape-based damage detection has a basic limitation of accurate sensor placement. Conversely, other technologies such as wave propagation and thermography are less affected by crack location but have to deal with complex data in their experimental pre-requisites. 
Conclusion
A comprehensive review is presented on the available methodologies of damage quantification with a focus on dynamic response measurements and other structural health monitoring techniques such as elastic wave propagation, wavelet transform, modal parameter, and artificial intelligence. Researchers have used amplitude and curvature of mode shape to quantify damage. These parameters are effective but very difficult to estimate in in situ conditions on a structure. It requires many sensors to get the exact mode shape and the response remains limited to a few initial modes. Mode shape reflects the imaginary amplitude as the applied force and the damping values are not involved in the standard calculations. The physical response can only be obtained if the structural damping and the excitation force are known, while damping depends mainly on the material discontinuity in a structure.
Frequency and mode shape-based damage identification techniques have many limitations. Therefore, variation in the dynamic response in terms of amplitude with fewer limitations is more useful. Amplitude is the only response parameter, which can give in situ information regarding crack initiation and propagation under thermomechanical loads. A run time change in amplitude due to the propagating crack can help in the structural health monitoring and preventive maintenance. The change in the natural frequency can sometimes be insignificant for some specific size and location of a crack. It is observed that the frequency remains constant when the subsurface crack is initiated. However, even a small change in structure dynamics due to a crack will be captured by the probe in terms of amplitude response without dismantling the structure. Accuracy of results for damage identification is dependent on the input response parameter.
The effectiveness of different response parameters for a particular extent of damage still requires comprehensive research. The variation in response parameters can also be compared for finding the most suitable parameter. This comparison on high modal order can be interested for identifying seeded and propagating cracks under thermomechanical loads.
Moreover, the response in terms of amplitude can be used for effective crack initiation and propagation analysis. However, still efforts are required to develop a robust correlation between the crack behavior and the change in vibration amplitude of a structure. Damage quantification with dynamic response measurements still requires reliable analytical models, especially under thermomechanical or coupled loads. An analytical model that can provide a relationship between the crack attributes and the dynamic response parameters, especially under the mentioned couple loads, can be a key contribution in the existing literature.
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